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Predicting and understanding the transfer of thermal radia­
tion through a scattering, absorbing and emitting medium is important 
in many engineering calcualtions. A method of analysis for prediction 
of radiative heat transfer through isothermal media and media in 
radiative equilibrium with plane parallel geometry exists. Therefore 
it was necessary to develop an experimental method for evaluation of 
the computational analysis.
An apparatus was developed and an experimental investigation 
was undertaken for the determination of radiative flux through a 
scattering, absorbing and emitting medium bounded by two parallel 
and directly opposite walls.
To evaluate the experimental results obtained in a particle 
tunnel, a computational method for determination of the radiative flux 
through an isothermal media bounded by infinite plane parallel geometry 
was used. The application of this computational method was found to 
be acceptable for a wall spacing of 3.00 inches and a media composed 
of air and glass beads. The case of radiative equilibrium is also 
considered experimentally.
The data are presented in terms of a plot of the dimensionless 
radiative heat flux versus a dimensionless parameter defined as optical 
thickness.
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Experimental results for the effect of convective heat trans­
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Engineering interest in high speed atmospheric flight, high 
energy sources, and space flight have stimulated the study of radiative 
heat transfer through clouds of particles which emit, scatter and 
absorb radiant energy. Specific examples of the transmission of 
radiant energy through a scattering media are the cases of an ablative 
material in the boundary layer of a nose cone during re-entry and of 
particles in the exhaust gas of a rocket engine.
This experimental study is primarily concerned with the trans­
fer of thermal radiation through a plane parallel emitting, scattering 
and absorbing dust cloud, where the dust clouds are composed of mix­
tures of air and solid particles, bounded by diffusely emitting and 
reflecting surfaces at different temperatures.
Love (1)*, (2) proposed an analysis for considering the 
radiant energy exchange in various media. The equation for the trans­
fer of radiant energy is presented for analyzing the problem of an 
isothermal plane parallel cloud of particles which emit, scatter and
*Number in parentheses refers to corresponding number in 
references.
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absorb radiant energy. This cloud of particles is assumed to be 
bounded by diffusely reflecting and emitting infinite surfaces at 
different temperatures.
Hsia and Love (3) considered the problem of radiant energy 
exchange in a nonisothermal medium. The medium is assumed to be a 
cloud of particles which scatters radiant energy in an anisotropic 
fashion for plane parallel boundaries.
Love and Wheasler (4) and Love and Beattie (5) measured 
scattering functions experimentally for several different materials. 
Lee (6) utilized the experimental data presented by Love and Beattie
(5) for determination of the dimensionless parameters developed by 
Love (2) for radiant heat transfer computations, Lee (6) transformed 
the data by numerical integration to obtain the dimensionless para­
meters. From this data Lee (6) concluded that the approximation of 
isotropic scattering was reasonable for radiant heat transfer calcu­
lations in most engineering situations.
Thermal radiation between finite parallel walls was considered 
by Love and Gilbert (7). The purpose of this experimental investi­
gation was to determine how closely infinite plane parallel walls 
could be approximated by finite plane parallel walls. Schornhorst 
and Viskanta (8) experimentally investigated the validity and accuracy 
of simplified methods for computing radiant heat transfer.
Usiskin and Sparrow (9) present a numerical solution to the 
problem of thermal radiation between parallel plates separated by an 
abosrbing-emitting nonisothermal gas. The Monte Carlo method has been 
applied to a similar problem by Howell and Perlmutter (10).
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Transfer of thermal radiation often occurs simultaneously with 
other modes of heat transfer. Numerous literature has been recently 
published on simultaneous heat transfer problems specifically: Sparrow
and Cess (11), Cess (12), and Pai (13) present a survey of this field 
of heat transfer.
The effects of gas-solid suspensions, or multiphase systems, 
on heat transfer from surfaces and flow properties is discussed by 
Soo (14). Briller and Peskin (15) performed an experiment to determine 
the convective heat transfer coefficient to heated and cooled gas-solid 
suspensions.
The preceeding discussion presents some of the more pertinent 
literature on radiative heat transfer, combined heat transfer, and 
heat transfer to multiphase systems. In the field of experimental 
work, most investigations considered only the steady state transfer 
of thermal radiation between simple configurations without an inter­
vening media.
This experimental study has been subdivided into three basic
parts:
I. An experimental determination of the change in net thermal 
radiation due to an absorbing, emitting, and scattering media.
II. An experimental measurement of thermal radiation through 
a dust cloud in radiative equilibrium.
III. Determination of forced convection heat transfer coeffi­
cients .
The consideration of Part I is paramount in this investigation 
and is presented in the main part of the test. Whereas, the other
4
parts are presented in the appendices.
The experimental measurements were performed for a system of 
plane parallel walls separated by a cloud of particles. For the Iso­
thermal case this was performed In air In order that the dust cloud 
could be forced between the parallel walls at a controlled speed. In 
the case of radiative equilibrium the experiment was performed In a 
vacuum chamber and the dust cloud passed through the system with a 
speed determined by the acceleration of gravity.
The solid particles used for the dust cloud were glass beads, 
which had a diameter on the order of 100 microns. In previous experi­
mentation with solid aersols It had been found that the characteristics 
of glass beads were Ideally suited for this type of situation. Glass 
beads proved to be readily available as they have a considerable number 
of Industrial applications and could be purchased In a variety of 
different sizes locally. Another Important factor In selecting glass 
beads was the experimental data of Love and Beattie (5) because Lee
(6) concluded from this data that Isotropic scattering data may be 
used to represent anisotropic scattering with good accuracy for the 
plane parallel cloud case.
The properties of glass beads In a vacuum chamber, for the 
radiative equilibrium case, showed superior characteristics as compared 
to other materials tested.
CHAPTER II 
EXPERIMENTAL APPARATUS
In order to obtain measurements of radiative energy transfer 
between parallel walls separated by an isothermal cloud of dust an 
experimental apparatus had to be constructed. This apparatus consisted 
of a particle tunnel with an integral heat transfer section and a 
secondary system for generating clouds of dust. Located inside the 
test section of the particle tunnel was the heat transfer apparatus 
where one wall serves as a heater and has a guarded heater section at 
the center. The opposite wall is cooled by circulating water through 
an internally located water channel. A detailed description of the 
heat transfer section and instrumentation used in this study follows.
The particle tunnel description is given in the next chapter.
The heater consisted of three zones: border, back, and center,
which were controlled by means of a variable auto transformer, see 
figure 1. In figures 2, 3, and 4 the heater circuits are displayed 
along with their measuring circuits.
A primary requirement of the heater and its controls was the 
consideration of thermal inertia. This criteria was important in deter­
mining the time required to attain a desired temperature and the ther­
mal stability to maintain this temperature. Because of this property 
of the heater, stainless steel was utilized in construction of the
5
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heater components since its poor thermal conductivity does not permit 
the dissipation of energy readily.
The purpose of the three heater zones was to create a thermal 
environment such that the energy being dissipated in the center heater 
could be assumed to be transmitted perpendicularly to the heater face 
with a minimum of edge or back losses. The reduction of energy losses 
through the back of the heater was minimized with the back heater. 
Whereas the border heater restricted the energy losses from the sides
of the center heater. An attempt to isolate the center section was
made by machining a border around the center section, Gilbo (16) 
employed a heater of similar design as did Gilbert (7),
Hot wall temperature measurements were taken with chrome1-alumel 
thermocouples, 24 gauge, fastened to the inside of the stainless steel 
face be means of an electric discharge welder using 40-watt-seconds and 
on either side of the insulation separating the back heater from the 
border and the center heater. Also, a pair of thermocouples were used 
to regulate the electrical power to the border and center heaters to 
minimize edge losses from the center heater.
The hot wall face thermocouples were covered with 0,002 inch
stainless steel, type 302, after being fastened to the inside of the 
face. This very thin stainless steel was placed over the thermocouple 
and then welded to the hot wall with an electric discharge welder. The 
possibility of the thermocouple shorting to the heater coil was minimized 
by this type of installation. This technique is widely employed in 
the instrumentation of engines to protect wires.
The resistance of the three heaters, shown in figures 2, 3,
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and 4, was a function of the diameter and length of the heater wire. 
Therefore, it was necessary to increase the line voltage in order to 
increase the current load, which generated the thermal energy, for a 
fixed resistance. The border heater required 120 volts at its peak 
setting. Therefore, the overall performance was limited by the line 
voltage capacity.
The opposite wall, referred to as the cold wall, provided 
the heat transfer section with a heat sink. Figure 5 presents an 
exploded section of the cold wall.
The cold wall was constructed with the purpose in mind that 
it would be used for measuring unsteady state radiant heat transfer.
The changes in thermal energy due to the intervening media were measured 
with a multi-junction thermopile located in the cold wall. Figure 5 
shows the position of the thermopile in the cold wall.
The thermocouples for the thermopile were constructed by elec­
troplating copper on 30 gauge constantan wires. This was accomplished 
by wrapping the 30 gauge constantan wire over a cylinder whose circum­
ference was equal to the thermopile circumference and placing in an 
electrolyte. The level of the electrolyte on the cylinder determines 
the line of the junctions. This type of thermopile is possible only 
because the electrical resistance of the constantan wires is so much 
greater than the copper plating on one-half of the coil of wire, that 
the constantan wire is essentially shunted over that length. See (17), 
(18), (19), (20), and (21) for a more complete discussion of thermo­
piles. After plating the series thermocouples were removed from the 
cylinder and prepared for installation on an aluminum core. But,
11
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first they had to be insulated electrically from each other to prevent 
shorting of the thermopile. This was accomplished by covering the 
thermocouples with teflon tubing, the wire was threaded through a 
continuous section of teflon tubing.
The installation involved winding the series thermocouples 
over the aluminum frame and making sure the copper-constantan inter­
face was in the center. A cutaway of the cold wall showing location 
of the thermopile junction is shown in figure 5.
Stainless steel, type 321, 0.020 inches thick was bonded to 
one face of the thermopile with Scotch-Weld structural adhesive, type 
AF-110. Scotch-Weld, AF-110, is a non-volatile thermosetting film 
adhesive for use in the bonding of metals. This adhesive was used in 
bonding the stainless steel face to the thermopile because of its high 
bond strength. Also, its thermal resistance was low as a result of its 
compression to only a few thousandths of an inch. Surface preparation 
of the two faces to be bonded consisted of sandblasting them with a 60 
mesh fused aluminum oxide grit. This was followed by submerging the 
surfaces in an acetone bath repeatedly until clean. Next, the surface 
with the adhesive was placed in a press where a contact pressure of 10 
pounds per square inch was applied while the plat lets of the press were 
heated to 350°F,
By employing the same techniques discussed above for bonding, 
the thermopile was then bonded to a 0,500 inch aluminum plate. This 
aluminum plate would also serve as the cover plate for the water 
channel. The water channel was joined to the aluminum spacer plate 
by 24-3/8NF Bolts, A silicone rubber gasket was used to seal between
WATER INLET
CJHANNEL
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the aluminum cover plate and the water channel. Figure 5 presents an 
exploded view of the cold wall and figure 7 shows the details of the 
labyrinth water channel.
Thermocouples were silver soldered to the stainless steel cold 
wall face, on the back side facing the thermopile, prior to bonding to 
the thermopile. This type of construction was necessary to have a 
smooth surface free of wires. Copper-constantan were used on the cold 
wall because of the lower temperatures and their ability to solder.
Preparation of the exposed surfaces, hot and cold wall faces, 
was identicals to that discussed by Gilbert (7), The surfaces were 
sandblasted to obtain a diffuse surface and the determination of the 
emittance of the surface could be obtained from the literature.
All temperature measurements were taken by means of a Leeds and 
Northrup Model 8686 millivolt potentiometer, which was connected to a 
Leeds and Northrup Model 8248-16 rotary selector switch. The rotary 
selector switch used solid silver contacts with durable silver alloy 
brushes to reduce errors in the EMF readings due to contact resistance. 
Copper leads were used to connect the rotatory switch to the thermo­
couple wires. These connections were carried out in heavy metal boxes 
to insure the connections were both thermally and electrically insulated 
from the surroundings.
Temperatures of the hot wall and cold wall were monitored on 
a Honeywell 906C Visicorder Oscillograph during operation of the secon­
dary air stream with particles. Two basic circuits were used to display 
the thermocouple signals on the oscillograph. First, the most sensitive 
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to amplify the signal in combination with a MI650 fluid damped galvano­
meter, figure 11. Also, a 50 millivolt voltage source was connected in 
the thermocouple circuit to provide a zero offset. This permitted use 
of the maximum gain of the amplifiers without damage to the galvano­
meters. Figure 11 gives a wiring diagram for the above described cir­
cuit. In the second circuit the thermocouple was wired directly to a 
M40-350A Honeywell electro-magnetic damped galvanometer, see figure 9.
Air stream temperature measurements were taken with a copper- 
constantan stream thermocouple. An open end "T" shaped metal shield 
over the measuring junction reduced the effect of radiant heat transfer 
between test section walls and the thermocouple. A sketch of this 
thermocouple is presented in figure 14. The output from this thermo­
couple was recorded with a circuit similar to the first type discussed 
previously.
Optical depth of the cloud was monitored by using a Claifex CL-5M 
CdSe fast switching photocell in a voltage dividing circuit, which is 
shown in figure 13. The photocell was activated by means of general 
electric 40 watt lamp, appliance type, located outside the test section 
on the hot wall side and the voltage supply was varied by means of a 
variac for calibration purpose. This particular type of appliance bulb 
is designed for high temperature operation, such as ovens. The voltage 
drop across the photocell, which is dependent upon resistance, was 
amplified by means of a Hewlett-Packard differential amplifier, model 
8875A; the signal was then displayed on a Honeywell 906C Visicorder 
Oscillograph, which was equipped with a fluid damped galvanometer, type 
M1650, for this particular channel. Figures 12 and 13 show the wiring





F igure 14, St r e a m  Th e r m o c o u p l e  Pr o b e
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diagram required for the above sensing and recording Instruments. 
Location of the photocells Is shown In figure 8, two are shown In , 
this Illustration but during some data runs only one was used do to 
the limited number of recording channels.
Ü Ü Ü 2
tsî
L n
F igure 15. V iew o f  In s t r u m e n t a t i o n
CHAPTER III 
PARTICLE TUNNEL
Upon formulation of the experimental testing to be performed an 
Investigation was Initiated for a suitable tunnel design. From pre­
vious experimentation and available literature It was determined that 
the test section dimensions would have to be 3,0 Inches x 13.0 Inches. 
Also, It was desirable to utilize existing apparatus wherever possible 
to minimize construction and development time.
Since, the test section dimensions were established the remain­
ing portions of the tunnel could be designed. Streeter (22) states 
that the contraction ratio, ratio of the Inlet cross sectional area to 
the cross sectional area of test section, should never be less than 10.0. 
Hence a conservative number of 11.0 was used for the contraction ratio. 
Also, Lawrence (23) suggests an entrance cone angle of 15.0 degrees Is 
considered adequate for most designs. Again a conservative number was 
utilized based on available space, 12.5 degrees. Preceedlng the entrance 
cone a parallel-flow section, settling length, was designed according to 
Streeter (22). He suggests a settling length of 500 mesh lengths Is 
usually sufficient, where mesh lengths refers to damping screens used 
to cover the Inlet area for reducing the Intensity of Incident turbu­
lence. For most suitable screens this would yield a settling length of 
approximately 36.0 Inches. The use of damping screens Is discussed by
26
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Dryden and Schubauer (24). This concluded the design of the inlet 
section, up to the test section.
Pope and Harper (25) and Pankhurst and Holder (26) suggest 
the exit cone should expand at an angle of from 6.0 to 10.0 degrees, 
depending on available space. Again a conservative number was chosen, 
as the consideration of space was not paramount. But, in order to com­
plete the design of the exit cone a fan had to be selected since the 
exit cone couples the test section to the fan.
A decision was made that the diameter of the fan be equal to 
or greater than the diagonal of the test section based on the cross- 
sectional area. A Clarage, type NH, fan was purchased from the Okla­
homa State Surplus and rebuilt for use as the fan on the main air 
stream. The fan wheel diameter was 18.25 inches and the fan capacities 
were well above our expectations.
Completion of the exit cone was routine since the dimensions 
of the ends and the expansion angle had been specified.
The remaining sections of the particle tunnel were built con­
sidering those effects of the system on the fan's operation, which, in 
turn, have an important bearing on the operation of the system.
Proceeding the fan a vibration isolating section was added to 
prevent fan or motor vibrations from being transmitted along the tunnel 
walls to the test section. This section was constructed with a plastic 
coated canvas attached to two frames, these frames were then fastened 
to the tunnel and the fan housing. This flexible section functioned 
very successfully as a vibration isolator.







F igure 15. S ketch o f Du s t Co u j e c t o r
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a Clarage fan, type NH, size 36 1/2. Power to drive the fan was supplied 
by means of a US Motor, 5 horsepower, coupled to a variable speed drive 
unit which was connected to the fan by three belts. Both the fan and 
power supply were mounted on an aluminum channel frame that was isolated 
from the floor with rubber pads to prevent walking and vibration. In 
addition an aircraft type tachometer was attached to the fan shaft to 
provide information on fan revolutions per minute.
On the outlet side of the fan, as the air was pulled through 
the tunnel, two large dust collectors were located. These dust collec­
tors were of the bag type as illustrated in figure (16) and were 
donated by the Halliburton Company.
The secondary air stream which was used to supply the particles 
to the main air stream was driven by a New York fan, size 75 Junior 
fan, with a 1/3 horsepower motor. This particular type of fan had a 
cast aluminum forward curved wheel of spark resistant construction which 
proved to be the best suited for generating an aerosol (dust cloud). 
Silverman and Billings (27) suggested using this particular type of fan 
with one alteration. This alteration consisted of a rotating plate 
located in the fan and the action of centrifugal force plus the inward 
moving air causes the material, dust, to be carried out to the fan blades 
where it is dispersed.
Located above the center of the rotating plate was a hopper con­
sisting of a tank and a mechanism to control the material feed rate.
The hopper was constructed from a five gallon plastic bottle which was 
inverted and had the bottom removed. This bottle was then placed in 
an adjustable holder which permitted alignment and control of the height
30
above the rotating plate. The mechanism for control of the material 
flow consisted of a perforated tube with a moving cylinder inside to 
control the area of the opening. This mechanism was then pressed into 
the mouth of the plastic bottle as shown in figure 15. Richmond (28) 
and Dumbaugh (29) present a discussion of hopper designs.
The aerosol was ducted from the fan to the test section, which 
is shown in figure 17, where it was discharged at the top of the walls, 
equidistant from the hot and cold walls, into the main air stream.
The final section to be discussed is the test section. This 
particular section was constructed of welded 5/16 inch aluminum, whereas 
the other sections were constructed of galvanized sheet metal, to insure 
the rigidity of the test section. Also, the test section contained the 
hot and cold walls which were fastened to supports that were welded to 
the aluminum test section allowing removal without disassembling the 
test section. This particular type of arrangement permitted adjustment 
of the walls allowing them to be placed flush with the sides of the test 
section. Once the walls were in place they were sealed to the test 
section with silicone rubber, manufactured by Dow Corning. The test 
section also contain several ports which could be used for either pres­
sure, static or dynamic, or temperature measurements. These ports were 
constructed with brass compression fittings. Also, four photocells 
were located in the walls to permit optical thickness measurements to 
be made. Finally, one of the narrow sides of the test section was 
fitted with a plexiglass window, which was removeable.
The final assembly of the above mentioned section is shown in 
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CHAPTER IV 
EXPE.vIMENTAL PROCEDURE
Prior to the operation of the equipment for data, several tests 
were conducted for the purpose of determination of voltage inputs to 
the heaters, for a uniform hot wall surface temperature, and to obtain 
the approximate number of hours of continuous operation required for 
equilibrium conditions. To obtain steady state conditions as much as 
four hours were required. Once the experimental procedure was estab­
lished the data taking procedures were conducted.
Before each data run a check-out procedure of all electrical 
components was administered. This consisted of standardizing the poten­
tiometer, checking all thermocouples to determine if they read ambient 
temperature, running of the main blower, testing of particle stream 
equipment, and finally a check was made on the heaters and their moni­
toring equipment.
The initial step in the experimental procedure was to provide 
the proper voltage input to the heaters using the predetermined settings. 
The voltage settings and the power input to the center heater were 
observed at regular intervals and minor adjustments were made when re­
quired to maintain the original voltage settings. The voltage settings 
were checked with a Hewlett-Packard digital voltmeter. Model 344A/3445A, 




When the hot wall surface temperatures exceeded the predeter­
mined surface temperature both the main air stream and the particle 
air stream were started and adjusted to their predetermined speeds, 
subsequently cooling the hot wall to its operating temperature.
After allowing a warm-up time of approximately four hours, 
all temperatures were read and then re-read after thirty-minutes to test 
the stability of the hot wall. The hot wall is assumed stable by two 
conditions :
1, Internal temperature difference should be less than 10°F,
2, Hot wall face temperature change should be less than 50°F, 
Once these stability conditions have been satisfied, the cold
wall temperature is adjusted to the free stream temperature of the air, 
the stability criteria being 1°F, This criteria is tested over a 
period of one hour.
The cold wall temperature is regulated by adjusting the cooling 
water flow rate through the labyrinth water channel located in the cold 
wall. This is accomplished by using two valves and a pressure gage 
on the water line, enabling a constant pressure to be maintained on 
the water channel.
At one hour, and at one-half an hour before the final reading 
for a data point, preliminary readings were made and recorded to indi­
cate how closely steady state was being approached. These readings 
were recorded and the differences between temperature readings were 
noted.
Meanwhile, all recording instrumentation was checked, calibrated.
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and observed under operating conditions. The multi-channel recorder 
permitted continuous observation of five temperatures, the heat flow 
meter, and the optical thickness of the particle stream.
Calibration of the photocell proceeded In the following manner; 
the maximum available voltage was applied to the light source and 
then positioned to give the greatest possible deflection on the recorder, 
then the voltage was decreased In small Increments and the deflection 
noted. In Appendix VIII Is an example calculation of the optical 
thickness.
The heat flow meter and the thermocouples deflection were 
calibrated by means of a Leeds and Northrup potentiometer. This was 
accomplished by applying a known Input voltage to the recorder and 
noting the deflection, thus the deflections were calibrated. The 
deflection was later converted to millivolts for the thermocouples 
and translated to temperature change by means of a Leeds and Northrup 
calibration chart.
Calibration of the heat flow meter response Is presented In 
Appendix III.
During the warm-up period the particles to be used were measured, 
the hopper opening was adjusted to give a suitable flow rate, and 
finally the particles were placed In the hopper.
Once the stability conditions have been satisfied, the velocity 
profile was taken by means of a 0.125 Inch diameter pltot tube, manu­
factured by the F.W. Dwyer Mfg. Co., connected to a micromanometer,
Model MM-3, manufactured by Flow Corporation. The temperature profile 
was obtained with a stream thermocouple probe, described In Chapter II,
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and a Leeds and Northrup millivolt potentiometer.
Upon successful completion of all previous operations, the 
recording instruments were turned on, photocell activated, and the 
hopper gate opened allowing the particles to pass into the particle 
stream mechanism. This terminated the procedure for a data-run.
If another set of data was desired at these preset conditions 
a hold of approximately fifteen minutes was employed then the stability 
conditions were re-checked and the particle hopper was re-loaded.
Now the check out proceeded as before but the temperature and velocity 
profiles were not run in their entirety. This procedure could be con­
tinued as many times as desired.
CHAPTER V
EXPERIMENTAL OBSERVATIONS AND RESULTS
As stated in the introduction the subdivision of this experi­
mental investigation into three distinct groups is possible. In this 
chapter consideration is given only to the transport of thermal 
radiation through an emitting, scattering, and absorbing dust cloud. 
Consideration of the remaining groups can be found in the appendices.
Previously an analysis by Love (2) was discussed. In his 
analysis Love has considered the particles, which are bounded by 
diffusely reflecting and emitting surfaces at different temperatures, 
to be isothermal. To obtain this particular condition experimentally 
the particles would have to be contained outside the thermal boundary 
layer. Figure 23 presented the temperature profile obtained with 
the aid of a thermocouple probe shown in Chapter V. This temperature 
profile was taken without particles and shows definitely that there 
is a region which can be considered isothermal in the flow.
The release of the particles into the main air stream occurs 
at the top of the test section, midway between the hot and cold walls. 
At this point the secondary air stream duct, particle stream, is 0.5 
inches in width and from figure 24 it is apparent that this stream 
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This observation Implies that the cloud of particles has been 
dropped into a region where only effects of thermal radiation should 
be considered. To determine the temperature rise of the cloud due 
to the radiant energy being intercepted by the cloud a rather simple 
but effective calculation can be performed. First consider the den­
sity of the cloud for a typical data run;
Weight of particles = 5298 grams
3Volume of cloud = 34.3 ft
therefore
p = 0.3387 lb. per ft.^
The mass flow rate is merely a produce of density, cross-sectional 
area, and velocity:
m = c AV 
P
m = 0.3387(0.0452)(49) 
fii = 0.752 lb. per sec.
Now to calculate the temperature rise of the cloud the assumption
that the entire radiant energy leaving the hot wall is used to raise 
the temperature of the cloud. This should produce a limiting situa­
tion that will be higher than the actual physical problem.
q" = m c At 
P
where q" = 300 BTU/hr ft^
AT = temperature rise
Cp = specific heat of glass beads






AT = 0.5 5 8 °F
This calculation along with the experimental measurements made of 
the air stream temperature support the conclusion of an isothermal 
cloud.
Measurements of thermal radiation through a dust cloud were 
made for several different sizes of glass beads. In previous work 
glass beads were found to be the most suitable in terms of handling 
and moving, reference (31). These measurements were made with the 
aid of a photocell, for optical thickness, and a heat flow meter, 
for measuring thermal changes at the cold wall. The heat flow 
meter was calibrated, as discussed in Appendix III, so a deflection 
on the recorder could be converted directly to a thermal change.
This thermal change at the cold wall was correlated with its corres­
ponding optical thickness measurement.
The steady state radiant heat transfer was obtained from 
figure 34 in Appendix II. This data was taken in a vacuum chamber 
at a sufficiently high vacuum to eliminate convective heating 
effects, permitting the measurement of thermal radiation only. For 
a given hot wall temperature a corresponding radiative heat flux 
is obtained.
Calculated values for the thermal change at the cold wall 
were obtained with the aid of the following equation:
Q r 4 4 4lq = -  [MT^ -  NTg -  Q T p
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where
q = net radiant flux at wall 1 
T = absolute temperature
N, N, Q ■= dimensionless parameters from table 
a = Stefan-Boltzmann constant 
Subscript
1 = surface 1
2 = surface 2 
a = particles
This equation was obtained by Love (2) and the dimensionless para­
meters are functions of optical depth, emittance, and the ratio of 
scattering to extinction for isotropic scattering.
To analyze the system without particles the following equa­
tion for gray parallel infinite walls was used:
a(Tj - Tg)
®1 ®2
where e = total hemispherical emittance.
Figure 25 presents a comparison of the above experimental 
and theoretical results.
Comparison of the experimental results for gray infinite 
parallel walls is presented in Appendix II.
Figure 26 presents a dimensionless radiative flux ratio, 
which is a ratio of the radiative flux through a dust cloud to the 


















—  LOVE. REF(2)
O CORNING GLASS BEADS 
A  KENCO GLA^S BEADS
0 .1 Oi2 0 .3
OPTICAL THICKNESS —  DIM ENSIONLESS
0 .4















□  RADIATIVE EQUILIBRIUM
2.0 4 0  &0
THRING'S DIMENSIONLESS RADIATION GROUP x ICI*
F i gure 25. D i m e n s i o n l e s s He a t Fl u x- Ra t i o Ve r s u s Th r i n g 's Ra d i a t i o n 




radiation group. Thring's radiation group was obtained from 




p = apparent cloud density 
Cp = specific heat of cloud material 
V = velocity of cloud 
e = total hemispherical emittance 
a = Stefan-Boltzmann constant 
T = absolute temperature 
This dimensionless group was viewed with interest because a 
majority of the variables encountered in the experiment could 
be grouped together for observation.
An apparent inability to accurately predict the mass flow 
rate of the glass beads is displayed in figure 27. This is a pri­
mary cause for the scatter in the calculation of Thring's radiation 
group. A major cause for the scatter is the inability of being 
able to account for the loss of material and the inability to 
measure the density simultaneously with optical thickness.
The results show a trend of decreasing radiative flux ratio 
with increasing Thring's radiation group, with the case of radiative 
equilibrium at the far left of the graph. This type of result is 
expected since increasing Thring's radiation group is equal to an 
increase in optical thickness, hence a lower radiative flux ratio.
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A sample calculation is presented in Appendix VIII.
By using the definition of optical thickness
T =  p P x
w h e r e  t  =  o p t i c a l  t h i c k n e s s
p = apparent cloud density 
P = extinction coefficient 
X = normal distance 
and obtaining an extinction coefficient from reference (5) for the 
wave length corresponding to the peak of wave length versus energy 
curve for the hot wall yields the curve plotted in figure 28, The 
experimental points scatter once again because of the density 
measurement. This result shows in a limited way the validity of 
Love and Beattie's (5) data.
An additional calculation was performed for determining 
the temperature rise of the dust cloud. This calculation was based 
upon the definition of optical thickness and the data presented by 
Love and Beattie (5).
By selecting an optical thickness and obtaining an extinc­
tion coefficient, for this case the lowest possible value, an 
apparent cloud density was calculated.
For example:
T = 0.1
P 5= 16 ft? per lb.
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p = 0.15 lb. per ft? 
which yields a temperature rise of
AT = 1.12°F. 
for the previously mentioned example case.
A final graph, figure 29, presents a typical velocity pro­
file obtained in the test section. The shift in the curve was 
caused by a slight off-center location of the secondary air stream.
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This experimental investigation has attempted to show how 
particles, specifically glass beads, influence radiative heat transfer 
between parallel walls. The equipment with which to perform such an 
experiment is scarce and considerable time was spent in development of 
the apparatus. This is probably due in part to the fact that until 
recently little demand existed for this type of information.
The observed and recorded data show conclusively that particles 
do influence radiative heat transfer between parallel walls. There are 
some difficulties in attempting such an experiment, especially in a 
vacuum chamber. The amount of material which may be placed in a vacuum 
chamber is critical because of outgassing, therefore, a limit is placed 
on the amount of particles for maintaining a cloud. In addition the 
overall size of the vacuum chamber, and the size of pumps are probably 
the most critical pieces of equipment used in this study, A major 
problem encountered in operation of the particle tunnel was a limita­
tion on the amount of material added to the secondary air stream 
because this reduced the fan speed and hence changed the flow charac­
teristics ,
The conclusions which may be drawn from this experimental
55
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investigation may be stated as follows:
I. The dimensionless parameters, presented by Love (2), from 
theoretical considerations for isotropic scattering may be used to com­
pute radiative heat transfer in real particle clouds.
II. The dimensionless parameter presented by Love (2) for
the case of radiative equilibrium may be used for a real particle cloud 
in radiative equilibrium,
III. The information obtained by Beattie and Love (5) for 
glass beads can be used in most engineering calculations.
IV. Convective heat transfer coefficients obtained in this 
investigation are in good agreement with published information.
Measurements of thermal radiation involving a particular media 
were made, specifically glass beads; hence, a logical extension of 
this study would be measurements involving other media. Beattie and 
Love (5) investigated such materials as silica, carbon, iron, and 
aluminum, these would be logical extensions since their properties of 
scattering, absorbing, and emitting of thermal radiation have been 
investigated.
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APPENDIX I
A CLOUD OF DUST IN RADIATIVE EQUILIBRIUM
In order to have an experimental verification of the radiative 
equilibrium analysis presented by Love (2) the previously described 
apparatus was placed in a vacuum chamber. Also, inside the vacuum 
chamber a particle hopper was mounted above the parallel walls. A 
detailed descirption of the particle hopper is presented in reference 
(31).
A schematic diagram of the system is shown in figure 30. The 
vacuum enclosure consists of a bell jar on a stainless steel base 
plate with the vacuum being provided by a mechanical pump and an oil 
diffusion pump as shown. A hopper located at the top of the bell jar 
with doors and vibrators, which were actuated by electrical signals 
feel through the base plate, formed the particle cloud generator. The 
hot wall and cold wall were the same as those described previously. A 
photocell mounted over one of the walls monitors the optical thickness 
of the cloud during the drop.
Due to the limited number of channels at the time of the 
experiment two channels were used to monitor the wall temperatures, 
one channel to monitor the heat flow meter output and one channel 






















F igure 30. S k e t c h o f Ov e r a l l Sy s t e m
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The recorder and its associated apparatus is the same as that 
described previously in Chapter II. The temperature measurement 
apparatus was also identical to that descirbed previously.
Once the particles were in the generator a check-out procedure 
of all electrical components was initiated. This consisted of stan­
dardizing the potentiometer, checking all thermocouples to determine 
if they read room temperature, running of the shaker motors, testing 
of the particle drop mechanism, and finally a check was made on all 
heater circuits for shorts or possible hazards.
The vacuum system was started and calibrated according to the 
operating and maintenance manual received with the vacuum system.
As soon as all systems were checked and passed, the Bell jar 
was lowered; the gasket between the Bell jar and base plate was
-5greased with silicone vacuum grease. When the pressure reached 1 x 10 
mm Hg. voltage was supplied to the heaters. Before starting the water 
pump for the cold wall cooling system, the cold wall was allowed to 
reach 200°F. This enabled the vacuum system to backout to a lesser 
degree, hence a lower ultimate pressure was obtained. Approximately 
twelve hours were allowed before particle drop was considered. During 
this period of time pressure and temperature readings were taken at 
one hour intervals; this provided a dual purpose enabling a constant 
check on the system's operation and provided information for the pre­
diction of particle drop time. Meanwhile, all recording instrumentation 
was checked, calibrated, and observed under operating conditions.
The heat flow meter and the thermocouples were calibrated by 
means of a Leeds and Northrup potentiometer. This was accomplished
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by applying a known input voltage to the recorder and noting the 
response, thus the calibration was carried out. The millivolt response 
was later converted to temperature by means of a Leeds and Northrup 
calibration chart.
After approximetely twelve hours, if the hot wall temperatures 
had stabilized, all temperatures are read and then re-read after 
thirty minutes to test the stability of the hot wall. The hot wall 
is assumed stable by two conditions: 1) temperature difference across
the pyrex should be less than 10°F, and 2) hot face temperatures 
change should be less than 5°F. Once these stability conditions have 
been satisfied the recording instruments are turned on, photocell 
activated, and shaker motors tested. Upon successful completion of 
all previous steps the particle shake mechanism is activated to remove 
trapped gas in the particle tray and this continues until the original 
vacuum is established. At such time the drop mechanism is activated 
and the particles are allowed to fall.
Glass beads proved to be the only type of particles which could 
be dropped in a uniform cloud with a minimum of "out-gasing." Uniform 
optical thickness of 1.1 could be maintained for periods of approxi­
mately 14 seconds. Three runs were made with the hot plate at 1285°R 
and the cold plate at 530°R. The optical spacing at the center of 
the plate was computed to be 0.75 based on the optical thickness 
measured by the photocell and the free fall acceleration of the particles. 
The wall reflectance for both surfaces was 0.5 and was approximately 
diffuse. The ratio of the radiative heat flux before and during the 
particle drop was determined. These values were compared to the
TABLE I
COMPARISON OF RADIATIVE EQUILIBRIUM RESULTS







predicted values computed using the results of Love (2) which are 
tabulated in Table II, III, and IV. During the period of the 
particle drop, the chamber pressure rose from 2.0 x 10  ̂torr to 
4.2 X 10  ̂ torr.
Figure 31 represents a sample output record developed by the 
oscillograph during a particle drop. The photocell monitors the 
optical depth while the heat flow meter monitors the heat flux at 
the walls. The thermocouple readings indicate the hot wall temperature 
and the back of the cold wall. It will be noted that the heat flow 
meter has not reached an equilibrium reading by the end of the particle 
drop. The curve has undergone an inflection, however, and the heat 
fluxes listed above have been computed on the basis of the maximum 
reading which occurs just after the particle drop is completed.
The above experiment thus supports the theoretical predictions 
of radiative heat transfer through absorbing, emitting, and scattering 
material. It would, of course, be desirable to have a wider range 
of experiments. However, the difficulties encountered in the develop­








F igure 31. Sk e t c h o f O r i g i n a l Da t a  Fr o m Va c u u m




1 W , | | . | „ | l , | l |W l l l
w i l l l l i i l » l | | | g tllll lll lll l l l l l l l l l l l l l l l l l l l l i l l l l lHnlt l t l l l f i i i i i i i i i i i > i i i i i p i i l l l l l l l l l l l l l l l l l i l l l l l l l l l l l l l l l l l l l l l l i l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l i | i i i i i m l i l l l l H
ON
00
Figure 32. Original Dat a Continu ed
69
F igure 33. V iew o f Pa r a l l e l Walls
APPENDIX II
RADIATIVE HEAT TRANSFER BETWEEN PARALLEL WALLS
Consider the system, that is the parallel walls of the heat 
transfer section, operating in a vacuum without the particles and 
analyze the governing parameters with existing theoretical consi­
derations .
From most heat transfer texts we find the following basic 
equation:
4 4a(T] - Tp
where
q = net radiant heat exchange 
a = Stefan-Boltzmann constant 
T = absolute temperature 
e = total hemispherical emittance 
subscript
1 = hot wall surface
2 = cold wall surface
The heater inputs for the cases considered, or input points, 
correspond to the following heat fluxes from the hot wall:
q(l) = 1559.66 BTU/hr. sq. ft.
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q(2) = 926.05 BTU/hr. sq. ft.
q(3) = 349.30 BTU/hr. sq. ft.
q(4) = 219.33 BTU/hr. sq. ft.
q(5) = 170.59 BTU/hr. sq. ft.
For all calculations the total hemispherical emittance values 
were assumed constant with respect to temperature. The emittance 
value used, e = 0.535, was obtained by Richmond and Harrison (35) 
for Type 321 stainless steel. The surface preparation was the same 
as the technique used by Richmond and Harrison (35) in preparing 
samples of stainless steel Types 321 and 430. Gilbert (7) obtained 
measurements for Type 302 stainless steel and found an emittance 
value of 0.556 to be suitable in the temperature range of 600° F.
In figure (34) the experimental flux (heat input) from the 
hot wall is plotted versus the fourth power difference of the wall 
temperatures. This data was obtained in the vacuum system des­
cribed in Appendix I at a plate spacing of 3.00 inches. Also, 
two curves are presented using the experimental temperatures along 
with emittance values obtained from the literature.
From the experimental data it was possible to calculate an 
average emittance value, which turned out to be 0.556, assuming 
gray infinite parallel walls. Also, the assumption that emittance 
is not a function of temperature is used.
Gilbert (7) covers fully the case of parallel walls with 
attention to plate spacing and guarded edges for a similar appara­
tus. Schornhorst and Viskanta (8) present a similar analysis.
From figure (34) the assumption of finite parallel walls
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APPENDIX III 
CALIBRATION OF HEAT FLOW METER
The measurements obtained in this study were acquired by means 
of the heat flow meter located in the cold wall. Since this was the 
primary sensor in the acquisition of datg, the calibration was given 
considerable thought. In figure 6 a cutaway of the cold wall is shown 
giving details of location of the heat flow meter.
In order to calibrate the heat flow meter it was first neces­
sary to obtain a stable hot wall temperature. This was accomplished 
by accurately monitoring the voltages to the heater with a Hewlett- 
Packard digital voltmeter and allowing a warm-up time of approximately 
four hours. Also, the air stream was operated at the velocity of 
which the data was to be taken.
After this period of time all temperatures are read and 
then re-read after thirty minutes to test the stability of the hot 
wall. The hot wall is assumed stable by two conditions:
1, Internal temperature difference should be less than 10°F,
2, Hot wall face temperature change should be less than 5°F.
Once these stability conditions have been satisfied the cold
wall temperature is adjusted to the free stream temperature of the 
air, the stability criteria being 1°F, This criteria is tested over
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a period of one hour.
The cold wall temperature is regulated by adjusting the cool­
ing water flow rate through the labyrinth channel located in the 
cold wall. This is accomplished by using two values and a pressure 
gage on the water line, enabling a constant pressure to be maintained 
on the water channel.
The heat flow meter and the thermocouple readings were then 
recorded along with the power input to the heater. This information 
is then analyzed along with similar data taken in a vacuum chamber.
Figure 34 shows the vacuum and tunnel data in the form heat 
input to the hot wall verses hot wall surface temperature. Since 
the cold wall was in equilibrium with the air temperature the con­
vective mode of heat transfer is erased leaving only the radiative 
component to be removed by the cooling water. Therefore, the heat 
flow meter reading is due entirely to radiative heating. In order 
to correlate this reading to the radiative output of the hot wall, 
the vacuum data must be used to obtain this radiative flux.
Since the walls had been run originally in a vacuum chamber 
to obtain heat input-surface temperature curves the convective 
effects at the hot wall could be calculated or the radiative flux 
could be obtained directly from the vacuum data for a given surface 
temperature.
The above experimental procedure supports the calibration of 
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APPENDIX IV 
CONVECTIVE HEAT TRANSFER COEFFICIENTS
To accurately describe the radiative mechanism of heat trans­
fer in this experimental apparatus a complete survey of the equipment 
had been performed in a vacuum chamber. The vacuum was sufficiently 
high to eliminate all convective heating effects, hence measurements 
of the radiative component of heat transfer could be made. Therefore, 
for a given wall temperature the radiative heat transfer component 
could be described to a great degree of accuracy during operation 
of the walls in the tunnel. This experimental operation produced 
curves of the form shown in figure 36, heat flux input to the heater 
versus hot wall temperature. The same experimental information was 
recorded in the particle tunnel.
Evaluation of the convective heat transfer coefficient 
requires a heat balance at the surface of the hot wall be made.
This heat balance would be of the following form:
(Electrical Power)  ̂Heat Loss
for steady state condition. The inpuf to the t̂ ot wall was measured 
for each particular data run and the radiative loss was obtained from 
the vacuum data curves. There are two assumptions used here: (1)
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conduction effects are small, (2) effect of air on the transport of 
radiative component is small.
Typical calculation:
Input = 1559.6 BTU per hr. sq. ft.
Hot Wall Temperature = 348°F 
Free Stream Temperature = 91°F
Radiative Flux (figure 36) = 260 BTU per hr. sq. ft.
^ ^  (Input - Radiative Flux)_______
(Temp. Hot Wall - Temp. Free Stream)
where h = average convective heat transfer coefficient.
h = 5.05 BTU per hr. sq. ft. °F
This type of calculation was performed for all data runs and is pre­
sented in figure 37 along with comparative data from Diessler and
Eian (36), Colburn (37), and McAdams (37).
Déiss1er and Eian (36) and Délssler (38) present an analysis 
for the investigation of fully developed turbulent flow of air in a 
smooth tube along with experimental information. Dèissler (38) 
indicates that results for turbulent heat transfer in tubes can 
be used, for flat plates when an equivalent diameter equal to twice 
the plate spacing is used. Bird, Stewart, and Lightfoot (39) suggest 
that for turbulent flow the velocity distribution and the average 
velocity are given by:
max
The data presented in figure 37 in terms of dimensionless parameters 
was analyzed using these two engineering approximations mentioned.
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The fluid properties were evaluated at a film temperature which was 
equal to the average of the wall temperature and the free stream 
temperature.
Sparrow (40) presents an analysis of laminar forced-convec- 
tion heat transfer between parallel walls where both walls have the 
same uniform temperature. A second case is treated in which one 
wall is insulated and the opposite wall is held at a uniform temper­
ature. A similar experimental analysis is presented by Mercer,
Pearce and Hitchcock (41). Due to the turbulence in the test section 
caused by the secondary air stream this flow condition could not be 
created.
Eckert and Jackson (42), (43), and (44) developed an analysis 
for the heat transfer coefficient in free-convection. An analysis 
for laminar free-convection for a flat plate oriented with the 
direction of the body force is presented by Ostrach (45).
Free convection heat transfer coefficients were obtained by 
using an experimental technique similar to the method utilized for 
force convection heat transfer coefficients but without forcing air 
through the test section and the results are presented in figure 38 
for comparison to Eckert and Jackson (42) .
The results for both forced and free convection obtained by 
this method are in reasonable agreement with the literature.
COLBURN (37)
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Glass beads were selected as the material to be used for 
generating dust clouds, because of their ability to flow without 
clogging or bridging as do many particles of this size.
During the testing period beads were purchased from three 
different suppliers. The beads ranged in size from 100 microns to 
about 1600 microns in diameter. But, a majority of the data was 
taken with glass beads of 200 micron diameter.
Photomicrographs of the glass beads are presented in figures 
41 and 42. The ruled grid represents a spacing of 50 microns.
Love and Beattie (5) obtained figures 39 and 40 for glass 
beads, 100 microns in diameter, and they were used in the calcula­
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F igure 41, Photomicrographs of Corning Beads
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Figure 42, Photomicrographs of Kenco Beads
APPENDIX VI
DIMENSlONLESS RADIATIVE HEAT TRANSFER PARAMETERS 
Isotropic Case
Scattering to Extinction Ratio =0.6 
Reflectivity of Wall 1 = 0.5 
Reflectivity of Wall 2 = 0.5
Optical
Spacing M N Q
0.1 1.1247 0.9072 0.2175
0.2 1.1823 0.7959 0.3864
0.3 1.2265 0.7035 0.5230
0.4 1.2609 0.6251 0.6358
0.6 1.3095 0.4990 0.8105
0.8 1.3405 0.4026 0.9379
1.0 1.3606 0.3272 1.0334
1.5 1.3861 0.1988 1.1873
3.0 1.4004 0.0476 1.3528
5.0 1.4013 0.0074 1.3939





Scattering to Extinction Ratio “ 0.475 
Reflectivity of Wall 1 “ 0.5 
Reflectivity of Wall 2 = 0.5
Spacing M N Q
0.1 1.1529 0.8790 0.2739
0.2 1.2258 0.7528 0.4730
0.3 1.2787 0.6522 0.6265
0.4 1.3181 0.5694 0.7487
0.6 1.3709 0.4411 0.9297
0.8 1.4024 0.3469 1.0556
1.0 1.4219 0.2754 1.1464
1.5 1.4446 0.1587 1.2858
3.0 1.4556 0.0332 1.4225
5.0 1.4561 0.0044 1.4517
eo 1.4562 0.0 1.4562
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VALUE OF PARAMETER M®
Case of Radiative Equilibrium 
Reflectivity of Wall 1 = 0.5 
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EXAMPLE CALCULATION FOR ISOTROPIC SCATTERING
q = ^ [MT^ - NT^ - QT^]
q = net radiant flux at wall 1 
T = absolute temperature
M, N, Q = dimenslonless parameters from Table 
a = Stefan-Boltamann constant 
Subscript
1 = surface 1
2 = surface 2 
a = particles
Wall 1 - - Temperature = 820.5°R 
Emittance = 0.50 
Wall 2 - - Temperature = 554.0°R 
Emittance = 0.50 
Particles - - Temperature = 554.0°R 
Let T (optical spacing) =0.1
(Assume a scattering to extinction ratio of 0.6)
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[1.1247 (46.3)(10)1° - 0.9072 (9.61)(10)1° _ q .2175 (9.61)(10)1"]
■= 225.2 BTU per hr. sq. ft.
Net radiant flux at wall 2
2̂ = - 182.0 BTU per hr. sq. ft.
The assumption of a scattering to extinction ratio of 0.6 is 
based on figure 39 from reference (5).
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q «= not radiant flux 
T = absolute temperature 
a = Stefan-Boltzmann constant 
M® = dimenslonless parameters from Table 
TT = 3.1416 
Subscript
1 = hot wall surface
2 = cold wall surface 
Wall 1 - - temperature = 1291.69°R
emittance =0.50 
Wall 2 - - temperature = 711.69°R 
emittance = 0.50
- 0.1713(10)"8(0,7801)[(1291.69)4 - (711.69)^1 
 ̂" 3.14
q = 1116.54 BTU per hr. sq. ft.
where
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INFINITE PARALLEL WALL SAMPLE CALCULATION
0(T^ - Tg)
®I *2
q = net radiant flux 
T = absolute temperature
0 = Stefan-Boltzmann constant
e = total hemispherical emittance 
subscript
1 = hot wall surface
2 = cold wall surface 
Wall 1 - - temperature = 1291.69°R
emittance = 0,50 
Wall 2 - - temperature = 711.69°R 
emittance =0.50
q . 1.713(10)-® - (711.69)^1
3  + 3 -  ^




Density of Particles: 2,80 grams per cc.
Total Particle Weight: 1400 grams
Duration of Cloud: 6 seconds
Velocity at Center of Walls: 8 ft per sec.
Density of Cloud: (p̂ )
Weight (lb) = 2.2046(1.4) =? 3.082
Volume (cubic feet) = 8 ft per sec) (6 sec) (1 ft) (0.25 ft)
= 12 cubic feet
p^(Ib per cubic ft) = (3.082)/(12)
= 0.2561 (lb per cubic ft)
Mass Flow Rate: (m)
m = p av
= (0.2561)(0.25)(8)
= 0.5122 (lb per sec)
Specific Heat Glass = c^ = 0.199
Heat Transfer:
q" = 1559.66 BTU per hr
q" = me AT  ̂ P
or AT = (q")/(mĉ )




SAMPLE CALCULATION OF OPTICAL THICKNESS
I^ = Intensity of source
I = Intensity for given optical thickness
Experimentally:




Deflection at Time (t) =1.7
l/l = 0.32 o
T = 1.14
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SAMPLE CALCULATION OF TURING'S RADIATION GROUP
N^^ = pCpV/eoT
Volume of Cloud: 6.78 sec. x 7.3 ft/sec. = 49.6 ft.
0.25 ft. X 49.6 ft. = 12.398 cubic ft.
Density of Cloud: 3.082 lb./12.398 cubic ft. = 0.249 lb/cubic ft,
e = 0.5 (dimensionless)
a = 0.1713 X 10~® BTU/hr ft^ °R^
C =0.199 BTU/hr lb °F P
T = 1292 °R













(1) Differential Amplifier 
Tektronic 
Type 2A63
(1) Time Base 
Tektronic 
Type 2b67








110 volts, 1-50 amps.
(1) Voltmeter
Heath Company




Leeds and Northrup Company 
Model 8686
(1) Rotary Selector Switch
Leeds and Northrup Company 
Model 8248-16




General Electric Company 
Volts 100/200, Amps. 5/10
(1) Variable Auto Transformer
Standard Electrical Products Company 
230 Volts, 9.0 Amps.
(1) Variable Auto Transformer 
Superior Electric Company 
240 Volts, 9.0 Amps.
(1) Variable Auto Transformer 
General Radio Company 
115 Volts, 6.0 Amps.
(1) AC/DC Range Unit “
(For Digital Voltmeter) 
Hewlett-Packard Company 
Model 3440 A
(1) Vacuum Pumping System






F.W. Dwyer Mfg. Co.
0.125 Inches Diameter
